Pepino mosaic virus (PepMV), a highly infectious potexvirus that was first isolated from pepino (Solanum muricatum) in Peru in 1974 (Jones et al., 1980) , is a major disease of greenhouse tomato (Solanum lycopersicum) crops worldwide (Hanssen and Thomma, 2010; Hanssen et al., 2010b) . The virus causes a wide range of symptoms, of which the typical fruit marbling is particularly devastating, as it reduces the economic value of the fruit (Soler et al., 2000; Roggero et al., 2001; Spence et al., 2006; Hanssen et al., 2009 Hanssen et al., , 2010a . Damage and economic losses caused by PepMV vary greatly and can at least partially be attributed to the differential symptomatology caused by different PepMV isolates (Hanssen et al., 2009 (Hanssen et al., , 2010a . Currently, four PepMV genotypes are distinguished: the Peruvian genotype (LP), which was first isolated from Solanum peruvianum and is similar to the original pepino (S. muricatum) isolate (Ló pez et al., 2005; Pagán et al., 2006) ; the European tomato genotype (EU), which was first reported in greenhouse tomato production in Europe (Mumford and Metcalfe, 2001; Aguilar et al., 2002; Cotillon et al., 2002; Verhoeven et al., 2003; Pagán et al., 2006) ; the CH2 genotype, which was first isolated from tomato seeds from Chile (Ling, 2007) ; and the US1 genotype, which was first described in the United States (Maroon-Lango et al., 2005) . In recent years, the CH2 genotype has largely replaced the EU genotype in commercial tomato production in several European countries (Hanssen et al., 2008; Gó mez et al., 2009) . Two Belgian CH2 PepMV isolates have recently been characterized in detail and were designated mild (isolate 1906, further referred to as the mild CH2 isolate) and aggressive (isolate PCH 06/104, further referred to as the aggressive CH2 isolate) based on symptom expression in naturally infected commercial greenhouse tomatoes and in subsequent greenhouse trials (Hanssen et al., 2009 (Hanssen et al., , 2010a . Inoculation of greenhouse tomatoes with the mild isolate resulted in rather mild PepMV symptomatology, while inoculation of greenhouse tomatoes with the aggressive isolate resulted in severe PepMV symptomatology, with considerably more fruit marbling and a higher incidence of open fruits and premature leaf senescence. Intriguingly, the nucleotide sequence identity between both isolates was as high as 99.4% (Hanssen et al., 2009 ). Because of the economic impact of PepMV symptoms, unraveling the molecular basis of (differential) symptom display is warranted.
In this study, we used a custom-designed Affymetrix tomato GeneChip array that contains probe sets to interrogate over 22,000 tomato transcripts (van Esse et al., 2007 (van Esse et al., , 2009 ) to study transcriptional changes in response to inoculation with the mild and aggressive PepMV isolate. Since viruses are obligate intracellular parasites that hijack host cellular functions and resources for their replication and movement, they generally induce a wide variety of alterations in host gene expression and cell physiology (Whitham et al., 2003 (Whitham et al., , 2006 . In recent years, the use of transcriptomics approaches, such as microarrays and subtractive libraries, has resulted in significant advances in identifying such responses to viruses (Whitham et al., 2003 (Whitham et al., , 2006 Marathe et al., 2004; Dardick, 2007; Yang et al., 2007) . Many microarray analyses are initiated to discover novel genes with effective host defense responses to obtain candidate genes for functional analysis (Wise et al., 2007) . However, microarrays can also be used to monitor plant global transcriptional activity, which provides insight into the host cell biology through the visualization of underlying biological processes . In plants, this is still a novel analysis strategy, although it has been successfully exploited in several other biological systems (Kobayashi et al., 2003; . In this study, we used a combination of "classical" microarray analyses and global transcriptional profiling to demonstrate that, despite the accumulation of similar viral titers and a 99.4% sequence similarity, the two tested PepMV isolates induce a different transcriptional response in the tomato host.
RESULTS

Differential Disease Development in Tomato Infected by Different PepMV Isolates
The phenotypic responses of tomato seedlings to inoculation with a mild and an aggressive CH2 PepMV isolate were evaluated by recording the development of typical PepMV symptoms at 4, 8, and 12 d post inoculation (DPI) on 20 seedlings per treatment. While at 4 DPI no symptoms were visible, at 8 DPI tomato seedlings inoculated with the aggressive isolate displayed severe nettlehead symptoms, while seedlings inoculated with the mild isolate remained symptomless (Fig. 1, A and B) . By 12 DPI, mild symptoms had developed on the seedlings inoculated with the mild isolate, while symptoms on seedlings inoculated with the aggressive isolate had aggravated (Fig. 1, A and B) . The significant difference (P , 0.05) in symptom severity between the mild and the aggressive CH2 isolates is consistent with previous observations (Hanssen et al., 2009 (Hanssen et al., , 2010a . Mock- Figure 1 . Characterization of tomato infection by a mild and an aggressive PepMV isolate. A, Scores for symptomatology in mockinoculated plants (white bars), plants inoculated with the mild CH2 isolate (light gray bars), and the aggressive CH2 isolate (dark gray bars) of PepMV. Twenty plants were evaluated per treatment, and error bars represent SE. B, Representative images corresponding to symptom scores presented in A. Symptoms were scored on a scale from 0 to 3, with 0 = no symptoms, 1 = reduced leaf surface, slight leaf bubbling, 2 = moderate leaf deformation, and 3 = severe leaf deformation. C, Relative viral loads for mock-inoculated plants (white bars; little symptom display), plants inoculated with the mild CH2 isolate (light gray bars), and the aggressive CH2 isolate (dark gray bars) of PepMV obtained using a PepMV-specific RT-qPCR assay. PCR was performed on pooled total RNA from the youngest fully developed leaves from two plants per sample (three replicates). Ct values obtained from PepMVpositive samples were subtracted from Ct values obtained from an actin control RT-qPCR assay. Error bars represent SE.
inoculated plants remained free of viral symptoms throughout the trial period (Fig. 1, A and B) .
In addition to characterization of symptomatology, viral accumulation was measured in the various samples using a PepMV-specific quantitative reverse transcription (RT-q)PCR assay on pooled RNA extracts obtained from the youngest fully developed leaves. While no virus was detected in the mock-inoculated plants throughout the trial, rather equal amounts of virus were detected in the plants inoculated with the two PepMV strains. At 4 DPI, the viral load was at the maximum level, and it decreased slightly throughout the trial period (Fig. 1C) . The titer of the mild isolate already decreased at 8 DPI, while the titer of the aggressive isolate decreased to a similar level at 12 DPI.
PepMV Infection Results in Host Gene Repression
Differentially regulated tomato genes (2-fold or greater change; P # 0.001) upon inoculation with the two PepMV isolates were identified at 4, 8, and 12 DPI when compared with mock-inoculated control plants. Following the dynamics of the viral accumulation, the number of differentially regulated genes was maximal at 4 DPI (3,880 and 4,020 for the aggressive and the mild isolate, respectively), and subsequently decreased (1,315 and 744 genes for the aggressive and the mild isolate, respectively, at 8 DPI) to less than 10% of the maximum response at 12 DPI (381 and 317 for the aggressive and mild isolate, respectively). Despite the observation that by far the largest number of differentials was identified at 4 DPI, also at 8 and 12 DPI, novel differentially regulated genes emerged (Fig. 2, A and B) . When comparing the total number of differentially regulated genes between the two isolates, roughly three-quarters of the differentials overlapped (Fig. 2C) . At 8 DPI, when the titer of the mild isolate but not the aggressive isolate decreased, almost double the number of genes were differentially expressed in the plants that were infected by the aggressive isolate. This difference in response intensity between the isolates is also reflected by the number of highly induced genes (4-fold or greater change), which amounted to 55 and 11 genes upon infection by the aggressive isolate and 18 and three genes upon infection by the mild isolate at 8 and 12 DPI, respectively (Supplemental Table S1 ).
As previously noted for other viruses, host gene repression was more pronounced than host gene induction at each of the time points, as at least 70% of the differentially regulated genes appeared to be repressed for both isolates (Fig. 2D) . Remarkably, when comparing the total number of differentially regulated genes between the two isolates, relatively more repressed than induced genes overlapped between the two isolates. In the set of repressed genes, up to 67% were commonly repressed by both isolates, compared with only 42% in the set of induced genes (data not shown). This suggests that, despite the observation that the majority of differentials were repressed, an important difference between the isolates is biased toward the induced differentials.
To identify transcriptional changes between inoculation with the two viral isolates, differentially regulated tomato genes (2-fold or greater change; P # 0.001) upon comparison of inoculation with the mild and aggressive isolates were identified at 4, 8, and 12 DPI. In this way, 123 genes were identified that were differentially regulated during at least one time point between the two treatments, of which only 18 differed greatly in expression level between the two isolates (4-fold or greater change; Supplemental Table S2 ).
Analysis on Repressed Genes: Photosynthesis
To identify differentially regulated biological processes, we performed overrepresentation analysis (ORA), a method by which overrepresented and un- derrepresented functional categories in a given gene set are identified using the Web-based platform GeneTrail, which can use Arabidopsis (Arabidopsis thaliana) Reference Sequence identifiers (Backes et al., 2007; . For 15,835 of the 22,721 genes that are monitored with the microarray, Arabidopsis homologs with significant similarity (E # 10
26
) were identified (van Esse et al., 2009) . ORA on the set of genes that are commonly repressed by both isolates identified as many as 267 functional categories involved in basic cell homeostasis and primary metabolism, with a prominent occurrence of photosynthesisrelated categories (Supplemental Table S3 ). ORA on the isolate-specific repressed gene sets revealed a number of remarkable differences. Transcription and translation processes were more severely affected by the aggressive isolate, while photosynthesis was more severely suppressed by the mild isolate (Table I ). In addition to the photosynthesis-related categories identified in the commonly repressed genes, ORA identified another 17 photosynthesis-related categories in differentials that are down-regulated by the mild isolate exclusively.
Since ORA ignores induction or suppression amplitudes, hierarchical clustering (HCL; Eisen et al., 1998) on all photosynthesis-related genes that can be monitored with the array was used to cluster genes and treatments within ORA categories based on gene expression profiles to further study the behavior of these genes. HCL of these genes revealed that the expression profiles cluster by time point rather than by isolate (Fig. 3A) . This demonstrates that photosynthesis is similarly affected by both isolates, although the extent of the differential regulation clearly differs. Overall, the repression of photosynthesis-related genes was stronger in plants infected by the mild isolate, especially at 4 DPI (Fig. 3A) . By 12 DPI, several photosynthesis-related genes, mainly involved in chlorophyll binding and light harvesting, were induced in both interactions, indicative of the recovery of photosynthetic activity.
We subsequently determined whether the observed transcriptional changes result in altered photosynthesis physiology. The quantum efficiency of PSII photochemistry (F PSII ) was determined on leaves of inoculated seedlings at 4 and 8 DPI, showing a significant reduction in leaves of plants inoculated with the mild PepMV isolate at 4 DPI (Fig. 3B ). At this time point, also the maximum quantum efficiency of PSII photochemistry (F v /F m ), a typical indicator of biotic or abiotic stress (Baker, 2008) , was reduced upon inoculation with the mild isolate (Fig. 3C) . Whereas the seedlings inoculated with the mild isolate show clear signs of photoinhibition (i.e. F v /F m , 0.8), those inoculated with the aggressive isolate are not significantly affected. These data link the observed transcriptional repression of photosynthesis-related genes, especially prominent at 4 DPI, to photosynthesis physiology.
Interestingly, also other energy processes appeared to be similarly repressed by PepMV infection. For instance, nearly all genes encoding tricarboxylic acid (TCA) cycle enzymes showed significant repression (P , 0.05) upon inoculation with both isolates at 4 DPI, which decreased by 8 DPI and was restored by 12 DPI ( Fig. 4A; Supplemental Fig. S1A ). In conclusion, transcriptome analysis shows that photosynthesis is temporarily affected by the PepMV-induced host gene repression and suggests that PepMV infection results in a general, transient repression of primary metabolism.
ORA on Induced Genes: Defense
As for the repressed genes, ORA was used to compare the sets of induced genes (Fig. 2D ) between isolates and over time, showing significant differences in the induction of defense responses by the mild and the aggressive isolate. Although viral titers were similar (Fig. 1C) , defense responses were notably more pronounced upon inoculation with the aggressive isolate. The gene category "pepsin A" activity was identified in both interactions at 4 DPI, which indicates a prominent role for protease activity (Tables II and  III) . In addition, subtilase activity was induced by the mild isolate (Tables II and III) . The relevance of protease activity is further exemplified by the expression pattern of the cathepsin B-like Cys protease, which was induced 146-fold by the aggressive isolate and 100-fold by the mild isolate at 4 DPI and remains highly induced throughout the PepMV-tomato interaction (Supplemental Table S1 ). Protease activity has been implicated in pathogen defense in many plant species, including tomato (van der Hoorn, 2008; .
At 8 DPI, many defense-and stress-related categories were overrepresented (Tables II and III) . Several defense-related categories are only overrepresented upon inoculation with the aggressive isolate (Tables II  and III) . Moreover, a lower P value was obtained for the general defense category "defense response" upon inoculation with the aggressive isolate, indicating that more genes belonging to this category were differentially regulated by this isolate. This more pronounced defense response induced by the aggressive isolate is also reflected by the set of highly induced genes (4-fold or greater change) at this time point, which contains many defense-related genes (Supplemental Table S1 ). Similar to 8 DPI, at 12 DPI, several defense-related categories were still overrepresented and several defense genes were still highly induced in the plants inoculated with the aggressive but not with the mild isolate (Tables II and III; Supplemental Table S1 ). This altogether demonstrates that, although plant defenses are activated in both interactions, they are more pronounced, of higher magnitude, and maintained longer upon inoculation with the aggressive isolate.
HCL of all defense-related genes from the ORAidentified categories showed that the expression profiles cluster by isolate at 4 and 8 DPI and not by sampling time point (Supplemental Fig. S1 ). The 12- S1 ). In addition, HCL reveals that most of the defenserelated genes that were significantly induced at 8 DPI were already induced at 4 DPI, showing a rapid activation of host defense upon PepMV infection. The fact that the ORA did not reveal defense-related categories in addition to protease activity at 4 DPI is due to the extensive transcriptome change at this time point, which affects many processes and in which defense responses are not detected as overrepresented.
PepMV Infection Induces Hormone Signaling Pathways
Viruses are known to affect plant hormone signaling, as the abnormal growth of virus-infected plants has been related to alterations in auxin, abscisic acid, cytokinin, gibberellin, or ethylene level, depending on the specific virus-host combination (Whitham et al., 2006) . Therefore, we studied tomato genes involved in hormone signaling upon infection with PepMV. Host signaling upon pathogen and herbivore attack has established the primacy of two pathways in plants, involving salicylic acid (SA) and jasmonate (JA; Stout et al., 2006) . Homologs of the SA-inducible Arabidopsis pathogenesis-related proteins PR-1 and PR-5 (Vlot et al., 2009) were induced by PepMV infection, while the homologs of the JA pathway components JASM-ONATE RESISTANT1, CORONATINE INSENSI-TIVE1, and PLANT DEFENSIN1.2 (Penninckx et al., 1998; Staswick and Tiryaki, 2004; Yan et al., 2009) were suppressed upon PepMV inoculation. This suggests that the tomato response to PepMV infection is mediated by SA rather than by JA, which is in line with the observation that responses to viruses are generally mediated by SA signaling (Huang et al., 2005; Vlot et al., 2009 ). Interestingly, the tomato homolog of Arabidopsis Nonexpresser of PR genes1 (Npr1), which encodes a critical SA signal transducer, is not induced by PepMV. Similarly, in compatible Arabidopsis interactions with Cucumber mosaic virus and Oilseed rape mosaic virus, the majority of defense-related genes were induced by an SA-dependent, NPR1-independent signaling pathway (Huang et al., 2005) .
Induction of Posttranscriptional Gene Silencing
The induction of posttranscriptional gene silencing (PTGS) is a well-characterized host antiviral defense mechanism (Baulcombe, 2004) . The key characteristic of RNA silencing is the formation of small interfering RNAs (siRNAs) that are produced by RNaseIII-like Dicer enzymes, which are incorporated into a so-called RNA-induced silencing complex, which contains an Argonaute (AGO) protein with an siRNA-binding domain and endonucleolytic activity to cleave target RNAs. In turn, host-adapted viruses have evolved strategies to counteract PTGS by encoding RNA-silencing suppressors (Ding and Voinnet, 2007) .
The PTGS pathway genes that have been implicated in antiviral defense and could be monitored with the GeneChip array (P , 0.05; Supplemental Table S4 ) comprised the genes encoding the Dicer-like (DCL) enzymes DCL2 and DCL4 (Bouché et al., 2006; Deleris et al., 2006) , AGO proteins (Baumberger and Baulcombe, 2005) , and the RNA-dependent RNA polymerase RDR6. A significant induction of the DCL2-encoding gene upon PepMV infection was observed, with a more pronounced induction upon inoculation with the aggressive isolate when compared with the mild isolate (greater than 12-fold and 2.5-fold, respectively; Fig. 4B ; Supplemental Table S4 ). Also, the gene encoding DCL4 was induced, although with a smaller amplitude (2.2-fold and 2.3-fold for the aggressive and the mild isolate, respectively). A rather mild up-regulation could be observed for RDR6 by both PepMV isolates. Furthermore, some AGO family proteins were differentially expressed. Probes corresponding to Arabidopsis AGO1, -2, -4, -6, and -10 were monitored. Two AGO1 orthologs, Ago1-1 and Ago1-2, which were shown to play a role in RNA silencing in Nicotiana benthamiana , were differentially regulated. Ago1-2 was repressed, whereas Ago1-1 was slightly induced by PepMV. AGO4 and AGO10 were repressed, while two AGO6 orthologs did not show differential expression (Supplemental Table S4 ). Interestingly, at 4 DPI, AGO2 was induced 3.1-fold by the aggressive isolate and only 1.4-fold by the mild isolate. These data demonstrate that the antiviral PTGS pathway is differentially regulated upon PepMV infection (Fig. 4B ).
Flavonoid and Carotenoid Biosynthesis
One of the most damaging effects of PepMV is the so-called fruit marbling, which is likely due to irregular distribution of lycopene, the major red pigment in tomato fruit (Hanssen et al., 2008) . To investigate whether PepMV affects pigment production in tomato seedlings, we studied the expression of genes that encode enzymes of the phenylpropanoid/flavonoid and carotenoid (lycopene) biosynthetic pathways (P , 0.05; Fig. 5 ; Supplemental Table S5 ). Both the phenylpropanoid/flavonoid and lycopene biosynthetic pathways were severely affected by PepMV infection. In the phenylpropanoid biosynthetic pathway, the gene encoding 4-coumarate:CoA ligase (4CL), which catalyzes the biosynthesis of p-coumaroyl-CoA, was induced upon infection with both CH2 isolates, although the induction was more pronounced in the aggressive isolate. At 8 DPI, this gene was highly induced by both isolates (7.7-fold and 4.8-fold induction by the aggressive and the mild isolate, respectively; Fig. 5A ; Supplemental Table S5 ). Similarly, other phenylpropanoid pathway genes were severely affected by PepMV infection. The genes encoding ferulate-5-hydroxylase (F5H) and cinnamyl alcohol dehydrogenase (CAD) were induced, while the genes encoding other enzymes in this pathway were suppressed ( Fig. 5A ; Supplemental Table S5 ).
As p-coumaroyl-CoA is a precursor of flavonoids, also the differential expression of genes involved in this pathway was studied. Flavonoid biosynthesis is initiated by the enzyme chalcone synthase (CHS; Holton and Cornish, 1995) . A homolog of the gene encoding CHS (Arabidopsis Reference Sequence no. NP_196897; similar to Petunia hybrida chalcone synthase B and to tomato CHS2 [GenBank accession no. X55195]) was induced upon infection by both PepMV isolates at 4 DPI (amplitude 3.7) and 8 DPI (amplitude 1.9; Fig. 5B ; Supplemental Table S5 ). Interestingly, all homologs of the gene that encodes the next enzyme in this biosynthesis route, chalcone isomerase (CHI), were slightly repressed by both isolates ( Fig. 5B ; Supplemental Table S5 ). Also, other genes encoding enzymes that act further downstream in the flavonoid biosynthesis pathway were differently expressed ( Fig.  5B ; Supplemental Table S5 ). Thus, the flavonoid biosynthetic pathway does not follow the trend of general host gene repression in tomato seedlings.
All genes encoding enzymes involved in the biosynthesis of lycopene, including geranylgeranyl pyrophosphate synthase, phytoene synthase, phytoene desaturase, z-carotene desaturase, and carotene isomerase, were suppressed upon PepMV infection in tomato seedlings (Fig. 5C ). The gene encoding phytoene synthase, also known as the tomato fruit ripening-specific protein (pTOM5; Bramley et al., 2005) , was severely suppressed at all time points, although the level of repression gradually decreased from 7 and 13 times at 4 DPI for the aggressive and mild CH2 isolate, respectively, to approximately 5 times for both isolates at 8 DPI and approximately 3 times for both isolates at 12 DPI. Thus, in contrast to the flavonoid biosynthesis, the complete lycopene biosynthetic pathway is severely affected by the PepMV-induced host gene repression. To test the hypothesis that fruit marbling is due to virus-induced repression of the carotenoid pathway, we performed metabolite analyses on mature marbled fruits of PepMV-infected tomato plants. Yellow and red sectors of fruit flesh and fruit peel (exocarp) were carefully separated and analyzed for carotenoid and flavonoid contents. The lycopene content was 10 times lower in the yellow parts of both flesh and peel as compared with the red parts (P , 0.05; Fig. 6 ). Also, the contents of b-carotene, b-, g-, and d-tocopherol, and lutein were significantly lower in the yellow peel samples when compared with the red peel samples, while yellow and red parts of the fruit flesh contained similar amounts of these compounds (Fig. 6) . Remarkably, the yellow parts of the peel tissue contained 2 to 4 times higher amounts of specific alkaloids and phenylpropanoids when compared with the red peel samples (Supplemental Fig. S2 ). However, the content of flavonoid compounds did not differ between the yellow and red fruit sectors. These results confirm that the accumulation of carotenoid compounds is severely affected by PepMV infection and reveal a considerable impact of PepMV on the production of phenylpropanoid components that play a role in pathogen defense.
An Asymptomatic EU Isolate Induces Similar Host Gene Alterations
To determine whether transcriptome changes in response to PepMV inoculation are genotype specific, transcriptome changes upon infection with a mild isolate belonging to the EU tomato PepMV genotype (isolate 1806; Hanssen et al., 2009) were determined using a similar experimental design as with the CH2 isolates. Up to 12 DPI, plants inoculated with the EU isolate did not display any viral symptoms, although a slight reduction in plant vigor was observed. At all three time points, the number of induced genes was lower than for both CH2 isolates (Supplemental Fig.  S3 ), further suggesting a correlation between isolate aggressiveness and the extent of host transcriptional reprogramming. However, surprisingly, the ratio of suppressed host genes was higher for the EU isolate when compared with the CH2 isolates. At 12 DPI, double the number of genes was suppressed by the EU isolate (621) than by either of the CH2 isolates (257 and 302 for the mild and aggressive isolate, respectively). Thus, the intensity of the host gene repression, marked by the number of down-regulated genes, does not correlate with isolate aggressiveness.
In general, a similar pattern was seen for the EU isolate as with the CH2 isolates. At 4 DPI, an early protease response (pepsin A, caspase, and subtilase activity) was activated, coinciding with a down-regulation of general cellular processes related to photosynthesis, energy processes, and translation activity. The gene encoding cathepsin B was not induced by the EU isolate, in contrast to its strong induction by the CH2 isolates. In general, the amplitude of protease induction was lower upon infection with the EU isolate. At 8 DPI, the prevalent ORA categories comprised defense and stress responses (Table IV) , while the general suppression of host genes became less severe. By 12 DPI, many photosynthesis-related genes were still down-regulated, but light harvesting and chlorophyll binding were induced (Table IV) , similar to the situation as described for both CH2 isolates (Tables II and III) . Nevertheless, many general cellular processes, such as transcription, translation, metabolism, and energy production, were still suppressed. This is remarkable since, although a slight reduction in plant vigor was noted, the plants did not display obvious disease symptoms. Interestingly, the gene encoding DCL2 was not induced by the mild EU isolate. In this study, we monitored global transcriptional responses of tomato upon inoculation with two PepMV isolates of the CH2 genotype that differ considerably in aggressiveness, although they share 99.4% nucleotide sequence identity (Hanssen et al., 2009 (Hanssen et al., , 2010a . The two strains differ only in 38 single nucleotide polymorphisms that cause only nine amino acid differences in the respective predicted proteins between the two CH2 isolates: three in ORF1, two in ORF2, one in ORF3, one in ORF4, and two in ORF5 (Hanssen et al., 2009 ). The single nucleotide polymorphisms are not concentrated in a specific region of the genome, and it remains unclear at present which regions of the PepMV genome are involved in the expression of symptoms. Inoculation with both isolates resulted in a very fast and extensive transcriptome change (4,000 differentially regulated genes at 4 DPI, amounting to approximately 20% of the total amount of genes that are monitored with the array), which, by 12 DPI, decreased to approximately 10% of the initial amount of differentially expressed genes. This dynamics is completely different from the dynamics observed upon inoculation with the foliar pathogen Cladosporium fulvum (Thomma et al., 2005) or the vascular fungus Verticillium dahliae (Fradin and Thomma, 2006 ) monitored over a 10-d time frame using the same tomato array (van Esse et al., 2009 ). The number of differentially regulated genes gradually increased to over 3,000 differentials for C. fulvum and over 500 and 1,000 genes for V. dahliae in foliage and roots, respectively. The pattern seems to follow the amount of pathogen propagules, which increases upon inoculation with the fungal pathogens while it decreases upon PepMV inoculation (van Esse et al., 2009 ; this study). Moreover, in contrast to progressive fungal disease development, viral symptoms are often transient, as plants can recover from the initial infection shock and can reappear later in the infection process in response to environmental changes (Hull, 2002; Dardick, 2007) . Recovery from PepMV symptoms after initial infection is indeed common in PepMV-infected tomato crops (Hanssen and Thomma, 2010) , suggesting that the transient transcriptional response to PepMV is related to the recovery phenomenon.
The vast majority of the differentially expressed genes upon PepMV inoculation were repressed, with the strongest repression by the aggressive isolate, a phenomenon that is similarly observed in other plantvirus interactions (Aranda and Maule, 1998; Havelda et al., 2008) . Remarkably, however, even more downregulated genes were monitored upon inoculation with an asymptomatic EU isolate of PepMV.
Host Gene Repression: "Fuel for the Fire" or Viral Infection Strategy?
The majority (67%) of the repressed genes overlapped between the two isolates, indicating that PepMV-induced host gene repression is only partially isolate specific. ORA identified a general repression of photosynthesis and primary metabolism. Since PepMV infection may influence posttranscriptional modifications, the transcriptional changes observed do not necessarily result in corresponding changes in physiology or metabolism. Therefore, suppression of photosynthetic activity by PepMV was confirmed by in vivo photosynthesis measurements on inoculated tomato seedlings. Although increased photosynthesis to supply the energy required for plant defense may be anticipated, repression of photosynthesis and plastid function is a common host response not only to viruses (Aranda and Maule, 1998; Dardick, 2007; Havelda et al., 2008) but also to fungal and bacterial plant pathogens (Bolton, 2009) . Apparently, as the production of defense-related compounds becomes first priority, photosynthetic metabolism is reduced until pathogenic growth has been terminated. Apart from prioritizing resources toward the defense response, decreasing photosynthesis may also protect the photosynthetic machinery against oxidative damage or, alternatively, be a consequence thereof (Bolton, 2009) . Plant respiration, comprising glycolysis, the TCA cycle, and mitochondrial electron transport, is generally induced upon pathogen attack to generate energy for the defense response (Bolton, 2009) . Remarkably, while PepMV induces a broad spectrum of defense responses, a strong repression of the TCA cycle was observed. Thus, as suggested previously (Wang and Maule, 1995) , our results suggest that, rather than host liberation of resources for defense responses, the virus modulates the host by repressing all processes that are not required for viral replication as a strategy for optimal and fast viral replication.
Intensity of Defense Responses Correlates with Viral Aggressiveness
Host gene induction upon PepMV infection comprised protease activity specifically at 4 DPI and activation of defense responses at 4 and 8 DPI, which persisted up to 12 DPI in plants infected with the aggressive isolate. Interestingly, a stronger defense response was observed in plants inoculated with the aggressive CH2 isolate, which was not caused by higher viral accumulation, as viral loads were similar for both isolates. Moreover, the stronger defense response was not sufficient to contain viral accumulation or to prevent symptom development. This indicates that PepMV aggressiveness is not correlated with the capacity to suppress basal plant defense responses, as was observed in Arabidopsis, where an aggressive tobacco etch virus strain induced notably fewer defense-related genes when compared with a mildly aggressive strain (Agudelo-Romero et al., 2008) . By contrast, enhanced symptom severity upon inoculation with the aggressive PepMV isolate may be related to a more severe perturbation of host metabolism leading to more severe developmental defects (Whitham et al., 2006) .
PepMV Differentially Regulates Antiviral PTGS
A major plant defense response to virus infection is the induction of the antiviral PTGS machinery. The response of genes encoding key PTGS components was studied in detail, and the genes encoding tomato homologs of the Arabidopsis Dicer-like enzymes DCL2 and DCL4 were induced by both CH2 isolates. The induction of DCL2 was much stronger when compared with the induction of DCL4, which usually is the major contributor to antiviral PTGS (Bouché et al., 2006) . However, DCL2 can substitute for DCL4 in antiviral defense when DCL4 is inhibited by viruses (Bouché et al., 2006; Deleris et al., 2006) . Therefore, the high induction of DCL2 in our data set may be indicative of a PepMV-encoded silencing suppressor that interferes with DCL4 activity. A putative silencing suppressor has not yet been identified or characterized for PepMV. However, the silencing suppressor P25 of the potexvirus-type species Potato virus X has been suggested to interfere with RDR6, to block an AGO protein, or to interfere in another way with the assembly of siRNA-containing effector complexes (Bayne et al., 2005; Verchot-Lubicz et al., 2007) . A recent study demonstrates that P25 mediates AGO1 degradation through the proteosome pathway (Chiu et al., 2010) . Two AGO1 orthologs (Ago1-1 and Ago1-2), which were previously identified in N. benthamiana, as well as AGO2 and AGO4 were differentially expressed. Ago1-1 was slightly induced while Ago1-2 was repressed. Also, AGO4 was repressed, but AGO2 was strongly induced by the aggressive isolate (greater than 3-fold at 4 DPI) and only slightly by the mild isolate. Although AGO1 is presented as a major antiviral slicer in Arabidopsis, the same situation is not necessarily true in tomato, and other AGO paralogs may display a similar activity, as has been suggested previously (Ding and Voinnet, 2007) . Interestingly, the induction amplitudes of the genes encoding the tomato homologs of DLC2 and AGO2 correspond to PepMV isolate aggressiveness, with a strong induction by the aggressive CH2 isolate, a moderate induction by the mild CH2 isolate, and no induction by the symptomless EU isolate. Possibly, this reflects the differential effectiveness of a silencing suppressor encoded by the various isolates.
Perturbation of Phenylpropanoid/Flavonoid and Carotenoid Biosynthesis
One of the most damaging effects of PepMV is the so-called fruit marbling, which is likely to be caused by aberrant production of tomato pigments such as flavonoids, anthocyanins, and carotenoids. The stronger induction of 4CL, involved in the phenylpropanoid/flavonoid biosynthetic pathway, is probably related to defense responses, as this last enzyme in the general phenylpropanoid pathway leads to precursors for both flavonoids but also wall-bound phenolics and lignins (Hahlbrock and Scheel, 1989; Dixon et al., 2002) . However, induction of the 4CL gene in tomato seedlings was not associated with the induction of PAL and C4H, as is often observed upon pathogen attack, elicitor treatment, and wounding (Fritzemeier et al., 1987; Schmelzer et al., 1989) . A homolog of the gene encoding CHS, which synthesizes chalcones, was induced at both 4 and 8 DPI. Naringenin chalcone is usually processed further by CHI to generate flavanones (Holton and Cornish, 1995) . However, all homologs for the gene encoding CHI were repressed by both PepMV isolates, suggesting that naringenin chalcone might accumulate in PepMVinfected tomato. This yellow pigment is the most prevalent flavonoid compound in tomato fruit and constitutes the major pigment of the yellow fruit peel (Ballester et al., 2010) .
Also, the lycopene biosynthetic pathway was severely affected by PepMV infection. All genes encoding enzymes involved in this pathway were repressed up to 12 DPI, suggesting that PepMV infection suppresses lycopene biosynthesis. As lycopene is the major red color pigment in tomato fruit, this finding might be involved in the typical fruit discoloration observed in PepMV-infected tomato fruits. Especially the severe suppression of pTOM5 (phytoene synthase) is interesting, as inverted repeat-mediated knockout of this gene was shown to result in yellow tomato fruits (Bramley et al., 2005) . Also, the genes encoding lycopene-b-cyclase and lycopene-«-cyclase, which further convert lycopene to b-, «-«-, and a-carotene (Fraser and Bramley, 2004) , are suppressed by both isolates.
Our gene expression study was performed on young plants, and many transcriptome responses appeared to be transient over the observed time period. Also, PepMV symptoms are mostly transient and disappear after the initial infection phase but tend to reappear with changing environmental conditions later in the growth season. Similar fluctuations are likely to occur in the transcriptome, possibly related to viral replication in newly developing plant tissues such as tomato fruits that function as major phloem sinks during ripening, which may thus accumulate viral particles. Local differences in PepMV accumulation or replication and correlated host responses during fruit ripening might lead to local perturbation of pigment biosynthesis, leading to marbled or flamed fruits. To verify this hypothesis, phenylpropanoid/ flavonoid and carotenoid contents and distribution were measured in ripe fruits of PepMV-infected tomato plants displaying clear marbling symptoms. Analyses of red and yellow parts of both fruit peel and fruit flesh revealed that levels of the red pigment lycopene were indeed significantly lower in the yellow peel and flesh tissue of marbled tomato fruits compared with the red parts. In addition, the levels of the yellow-orange carotenoids lutein and b-carotene, components that are produced further downstream in the carotenoid pathway, were significantly lower in the peel of the yellow sectors but not in the flesh. These results suggest an overall repression of carotenoid biosynthesis by PepMV in the yellow sectors of marbled tomato fruits during ripening.
Naringenin chalcone levels did not differ between yellow and red fruit parts, indicating that fruit marbling is not associated with the local accumulation of this compound. Remarkably, the peel of the yellow fruit parts contained significantly higher amounts of alkaloids and phenylpropanoids when compared with the fruit peel of the red parts. Many of these compounds have been associated with pathogen defense (Dixon et al., 2002) . Several lignin biosynthesis genes, such as 4CL, F5H, and CAD, were induced upon PepMV infection in seedlings, and several lignin precursors were found to accumulate in the yellow peel sectors of infected, marbled fruits. Altogether, these results suggest that marbling of tomato fruit is induced by the local accumulation or replication of PepMV particles during ripening, resulting in the repression of lycopene biosynthesis and a coinciding induction of defense responses.
MATERIALS AND METHODS
Plant and Virus Materials, Inoculation, and Disease Evaluation
Tomato seedlings (Solanum lycopersicum 'Tricia' [Monsanto Vegetable Seeds]) were grown in stone wool in a climate chamber (22°C and 20°C during day and night periods of 10 and 14 h, respectively, at 75% relative humidity). At 29 d after sowing, plants were inoculated with a mild (1906; GenBank accession no. FJ457096) or an aggressive (PCH 06/104; GenBank accession no. FJ457097) PepMV isolate of the CH2 genotype (Hanssen et al., 2009) . Inoculation was performed on the second fully developed leaf as described previously (Hanssen et al., 2009 ). Essentially, inoculation was performed by rubbing the leaf with an extract of infected tomato leaves, prepared by grinding 30 g of leaf material in 60 mL of phosphate buffer (pH 7.4). PepMV inoculum concentrations of the different isolates were standardized by using infected leaf material with a similar viral titer, as determined by ELISA.
The development of typical nettlehead-like PepMV symptoms was recorded at 4, 8, and 12 DPI on 20 plants per treatment. Symptoms were scored from 0 (no symptoms) to 3 (severe symptoms; Fig. 1B ; Hanssen et al., 2008) and statistically analyzed by one-way ANOVA and posthoc Bonferroni tests using SPSS software (version 10.0; SPSS, Inc.).
Viral accumulation was measured in the microarray samples using a PepMV-specific RT-qPCR assay with forward primer Pep5 and reverse primer Pep4 (5#-ATGAAGCATTCATACCAAAT-3# and 5#-AATTCCGTGCACAAC-TAT-3#, respectively; Mumford and Metcalfe, 2001) . PCR amplification was carried out using a Cepheid Smart Cycler II thermocycler and analyzed using Smart Cycler software. The PCR program consisted of an initial denaturation step at 95°C for 15 min, 45 cycles of 15 s at 94°C, 30 s at 50°C, and 30 s at 72°C, followed by a final incubation step of 2 min at 72°C. Standard curves based on cDNA dilution series were generated to determine the relative concentrations of amplified viral RNA. Based on four replicates run in two different analyses, a reaction efficiency of around 90% was obtained. Cycle threshold (Ct) values obtained from the PepMV-specific RT-qPCR assay were standardized by subtraction from an internal control assay on the tomato actin gene (GenBank accession no. U60480.1) using forward primer Q-LeActinF (5#-CTAG-GCTGGGTTCGCAGGAGATGATGC-3#) and reverse primer Q-LeActinR (5#-GTCTTTTTGACCCATACCCACCATCACAC-3#) using the thermal profile mentioned above with an annealing temperature of 60°C.
Microarray Sample Preparation and Data Analysis
Per time point and treatment, three replicates, each consisting of pooled RNA extracts obtained from the youngest fully developed leaves of two seedlings, were collected. Total RNA was extracted using the RiboPure RNA extraction kit (Ambion) and reverse transcribed with labeled oligo(dT) primers for hybridization onto custom-designed Affymetrix tomato GeneChip arrays (Syngenta Biotechnology). Microarray quality control and data analysis were performed as described previously van Esse et al., 2009 ). The critical Affymetrix microarray quality parameters are shown in Supplemental Table S6 . Subsequently, the arrays were normalized using quantile normalization, and expression estimates were compiled using rate monotonic analysis applying the empirical Bayes approach (Wu et al., 2004) . They were considered of sufficiently high quality if they showed less than 10% of specks in fitPLM model images, were not deviating in RNA degradation and density plots, were not significantly deviating in NUSE and RLE plots, and were within each other's range in box plots. Differentially expressed probe sets were identified using linear models, applying moderated t statistics that implement empirical Bayes regularization of SE values (Smyth, 2004) . Microarray data have been deposited in ArrayExpress (http://www. ebi.ac.uk/microarray-as/ae/) as accession E-MEXP-2389. We confirmed the differential expression of several genes via quantitative real-time PCR (Supplemental Table S7 ) using an ABI7300 PCR machine (Applied Biosystems) in combination with the qPCR core kit for SYBR Green I (Eurogentec). Real-time PCR conditions were as follows: an initial 95°C denaturation step for 2 min, followed by denaturation for 15 s at 95°C and annealing/extension for 45 s at 60°C for 40 cycles, and analyzed on the 7300 System SDS software (Applied Biosystems). To check for contamination with genomic DNA, real-time PCR was also performed on RNA without the addition of reverse transcriptase.
Metabolite Analyses of Infected Tomato Fruits
Ripe tomato fruits displaying PepMV-induced marbling symptoms were harvested from a commercial tomato crop infected with the CH2 genotype of PepMV. Yellow and red parts of both fruit flesh and fruit peel were carefully separated (Supplemental Fig. S2 ), pooling material from three different tomatoes into one sample for each of the four samples. Triplicate samples were analyzed. Flavonoid extraction and liquid chromatography-quadrupole time of flight-mass spectrometry analyses were carried out according to Bino et al. (2005) . The detected flavonoid compounds were identified using authentic standards and accurate liquid chromatography-mass spectrometry analysis (Moco et al., 2006; Iijima et al., 2008) . Carotenoids were extracted as described previously by López-Ráez et al. (2008) and analyzed by HPLC combined with photodiode array detection according to Bino et al. (2005) .
Photosynthesis Measurements
Tomato seedlings (cv Tricia; Monsanto Vegetable Seeds) were grown in climate chambers as described earlier. At 17 d after sowing, plants were inoculated on the cotyledons with water (mock), the mild CH2 isolate, or the aggressive CH2 isolate. Two subsequent biological replications were performed. Prior to the in vivo measurement of photosynthetic parameters, plants were dark adapted for at least 20 min. The distribution of the maximum F v /F m over the plants was measured by means of chlorophyll fluorescence imaging (Hogewoning and Harbinson, 2007) . In stressed leaves, F v /F m is often heterogeneously distributed, with values below the maximum of approximately 0.80 to 0.83 (Baker, 2008) . The same plants were exposed to a progressively increasing irradiance up to 1,500 mmol m 22 s 21 over the course of 30 min to activate the photosynthetic machinery. A leaflet of the first true leaf was subsequently fixed horizontally and exposed to an actinic irradiance equal to that during plant growth (200 mmol m 22 s 21 ), using a light source composed of independently controlled red and blue light-emitting diodes (Hogewoning et al., 2010 ; 20% blue and 80% red quantum flux). The F PSII was measured by means of chlorophyll fluorescence using a pulse amplitudemodulated fluorometer (MINI-PAM; Walz). The optical fiber providing a saturating light pulse to allow measurement of the F m # relative fluorescence yield (Baker, 2008) was fixed at such an angle that it did not interfere with the actinic light beam. Measurements of steady-state fluorescence (F#) and F m # were made 5 min after expose to the actinic light and subsequently every 3 min until a stable value of F PSII was reached. Per experiment and per treatment, five different plants were measured at 4 and 8 DPI.
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